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Abstract 

Polycystic ovary syndrome (PCOS), characterized by ovarian androgen excess, is the commonest endocrine 
disorder in women. Obesity increases androgen synthesis, a phenomenon attributed to the accompanying 
hyperinsulinemia. Our hypothesis was that adipokines, fat cell-derived hormones, play a direct role in modulating 
ovarian androgen secretion. Therefore, the aims of this study were to explore the effects of adipokines (in particular, 
adiponectin) on ovarian steroidogenesis and compare the expression of adiponectin receptors in ovaries from women 
with and without PCO. Sections of archived human ovaries (nine from women with normal ovaries and 16 with 
PCOS, classified histologically, with reference to menstrual history and ultrasound) were analysed by quantitative 
morphometry and the proportion of positive-labelling cells compared. In addition, studies of androgen production in 
relation to adipokine function in primary bovine theca cell culture were also performed. A significantly lower 
proportion of theca cells expressed adiponectin receptors 1 and 2 (AdipoRI , AdipoR2) in polycystic ovaries than in 
normal ovaries. In cultured theca cells, adiponectin suppressed androstenedione production and gene expression of 
LH receptor and key enzymes in the androgen synthesis pathway. Moreover, knockdown of genes for AdipoRI and 
AdipoR2 was associated with increased androstenedione secretion by bovine theca cells. These results provide 
evidence for a direct link between fat cell metabolism and ovarian steroidogenesis, suggesting that disruption of 
adiponectin and/or its receptors plays a key role in pathogenesis of hyperandrogenism in PCOS. 
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Introduction 

Polycystic ovary syndrome (PCOS) is the commonest 
endocrine disorder in women, affecting 5-10% of females of 
reproductive age [1,2]. Hyperandrogenism is the hallmark of 
PCOS and originates predominantly from ovarian theca- 
interstitial cells, which are characterised by an increased 
capacity for androgen biosynthesis [3-6]. 

Androgen production is markedly increased in PCOS in the 
presence of obesity, which has been attributed, at least in part, 
to the effect of higher than normal insulin levels on theca cell 
function [7]. However, a possible role for cytokine products of 
fat (adipokines) as a link between reproductive and metabolic 
abnormalities has been mooted [8]. In this regard, 
quantitatively and functionally, adiponectin (a 30kd protein) is 
considered to be one of the most important adipokines in 
human physiology [9]. It differs from most other adipokines by 



having what appears to be a protective effect on development 
of obesity. It has insulin sensitising and fat-burning properties 
that are similar to leptin but it has also been shown to have 
anti-oxidant and anti-atherogenic effects [9,10]. Its serum levels 
are inversely related to fat mass and are positively associated 
with lower risk of type 2 diabetes [9,11]. Although abnormal 
serum levels of various adipokines in PCOS have been 
reported [12-19] few studies have addressed the effects of 
adipokines on reproductive tissues [20,21]. 

Adiponectin levels vary little during the menstrual cycle [22]. 
Nevertheless a role for adiponectin has been suggested in 
oocyte maturation, granulosa cell proliferation and death, and 
as a modulator of estradiol and progesterone secretion 
[8,21,23,24]. Little is known, about its effects on 
steroidogenesis in theca cells but Spicer and colleagues 
observed that addition of adiponectin to primary bovine theca 
cells (TCs) cultured in the presence of luteinizing hormone (LH) 
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and insulin, decreased androstenedione and progesterone 
production [20,25]. To date, these preliminary findings have 
been neither confirmed nor contradicted. Adiponectin receptors 
have been partially characterised in granulosa-lutein cells 
obtained from women undergoing IVF [8], but there have been 
no systematic studies in ovaries from women with PCOS. 

In the present study, we demonstrate a decrease in the 
expression of adiponectin receptors in theca cells from 
polycystic ovaries compared with theca from normal ovaries. 
Furthermore, we show by means of suppression of gene 
expression by small interfering RNA (siRNA), that adiponectin, 
the principal adipokine in humans, decreases the production of 
androgens in theca cells in vitro. We therefore propose a novel 
mechanism of interaction between fat cell metabolism and 
steroidogenesis in PCOS that may help to explain why 
hyperandrogenism is more severe in obese and overweight 
than in lean women with PCOS. 

Materials and Methods 

Analysis of human ovaries 

Sections of archived human ovaries (fixed in formalin and 
embedded in paraffin) collected between 1993 and 2003 from 
patients less than 50 years of age with benign gynecological 
disease were obtained from the Histopathology Bank of St. 
Mary's Hospital (Imperial College Healthcare NHS Trust) in 
London, as previously described [26,27]. Overall, excluding the 
specimens considered unclassified or having concomitant 
pathology, 25 samples, 16 PCO and nine control ovaries, were 
available for analysis. Of the 16 women with PCOS, 11 had 
evidence of regular ovulatory cycles and five had 
oligomenorrhea or irregular menses (more extensive clinical 
details are given in Table S1). All specimens were collected 
with previous informed consent from patients and in conformity 
with the Human Tissue Act and the local Research Ethics 
Committee (2002/6400). In addition to histological information, 
clinical data, including menstrual cycle history and 
ultrasonography of the ovaries, were obtained (see Table S1). 
These data were used to establish a clear diagnosis of PCOS 
[28]. 

Sample preparation and immunohistochemistry and 
analysis of images 

Staining of all slides was carried out simultaneously in a 
single session. Briefly, slides were dewaxed and rehydrated 
through an alcohol series. Antigen was retrieved with citrate 
buffer (0.01 mol/litre, pH 6, boiling for 20 min), and exogenous 
peroxidases were blocked with 0.3% hydrogen peroxide in 
methanol (30 min). Nonspecific antibody-binding was reduced 
by 20 min incubation with 10% (vol/vol) normal goat serum in 
PBS (Invitrogen Life Technologies, Paisley, UK) supplemented 
with 4% (wt/vol) BSA (Sigma-Aldrich, Poole, UK). Sections 
were incubated overnight with antibodies to adiponectin 
receptor 1 (H-001-45) and adiponectin receptor 2 (H-001-23), 
both from Phoenix Pharmaceuticals, Burlingame.USA. The 
optimal dilutions of antibodies (both at 1:200) in 10% serum in 
PBS were determined by antibody dilution curves, as 
previously described [26,27]. After wash, a secondary antibody 



(goat anti-rabbit E0432, DAKO, Denmark at dilution of 1 :200) 
was employed and then incubated with peroxidase-conjugated 
avidin-biotin complex (RTU-ABC Kit, Vector, Peterborough, 
UK); sections were exposed to HRP-conjugated 3,3'- 
diaminobenzidine tetrahydrochloride (DAB) to permit 
visualization of labelling. Slides were counterstained with 
haematoxylin (BDH, Poole, UK), re-hydrated in alcohol (70%, 
95%, 100%) and mounted in DPX after 2 changes (5 min) in 
Histoclear®. Sections examined after replacement of the 
primary antibody by non-immune serum served as negative 
controls. After labelling, images of the theca cell layer observed 
in two arbitrarily chosen fields were taken, employing a DXM 
1200 digital camera Nikon at 60X magnification. The 
proportions of positive theca cells were then calculated and 
recorded using the Lucia image analysis program (Nikon, 
Kingston-upon-Thames, UK). 

Primary culture of bovine theca cells 

Ovaries from adult non-pregnant cattle were obtained from 
an UK slaughterhouse (Anglo Dutch farms, Kent, UK). They 
were collected and transported in warm medium (DMEM/F12 
with Penicillin, 100 ug/ml and Streptomycin, 0.5 ug/ml at 38°C) 
to the laboratory, where the ovaries were dissected and large 
antral follicles isolated. Theca cell isolation and culture 
procedures were performed as previously described by Stewart 
et al [20,29](Figure S1). Human recombinant adiponectin used 
in these experiments (ALX-522-063, Enzo Life Sciences, USA) 
was composed by high molecular and hexameric species. 
Briefly, theca cells were plated at 38.5 °C and 5% C0 2 at a 
density of 1.5 x 10 5 cells per 1.9 cm 2 . Subsequently, the D- 
MEM/F12 medium containing 1 ug/ml Transferrin, 1 ng/ml 
Selenium, 1 ug/ml Linoleic acid, 100 Ul/ml Penicilin, 100 ug/ml 
Streptomycin, 0.5 ug/ml Gentamicin) was changed, and cells 
were treated for 24 h with various concentrations of the 
adipokines resistin, visfatin, leptin (30, 300, and 600 ng/mL). 
The concentrations of adiponectin used were based on doses 
used in previous studies of theca cells in culture [20] and on 
reported serum levels of adiponectin [9,16,30]. For other 
adiponectin and other adipokines, the aim was use doses that 
span a range of serum concentrations from physiological to 
supraphysiological [13-16,30] . At the end of the experiment, 
medium was collected and androstenedione concentrations 
were measured using ELISA. Androstenedione concentrations 
were adjusted for the number of viable cells per well using a 
luminescent cell viability assay (Cell-TiterGlo, Promega, 
Madison, USA). 

Adiponectin receptor gene knockdown, qPCR, and RT- 
PCR 

The knockdown of the genes encoding proteins ADIPOR1 
and ADIPOR2 or their common mediator, an adaptor protein 
containing a pleckstrin homology domain (APPL1 ), was carried 
out by using small-interfering RNA (siRNA) (DharmaconAccel® 
siRNA; Dharmacon, Thermo Scientific Inc., Europe). In 
summary, bovine TCs were plated at a density of 1.5 x 10 4 
cells per 0.14 cm 2 and incubated for 72 h with 1 nM siRNA 
specific for the respective targets (ADIPOR1, ADIPOR2, or 
APPI-1) and, as controls, scrambled siRNA, or medium without 
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siRNA containing 10 ng/mL LH (as detailed in Table S2). 
Successful transfection (greater than 95%) was ascertained by 
detection of fluorescently-labeled scrambled siRNA within cells 
by microscopy. Medium was then removed and replaced with 
fresh medium with or without adiponectin (3 ug/mL). The 
samples were incubated at 38.5 °C for an additional 24 h, when 
the experiment was ended. Knockdowns with an efficiency 
higher than 55%, assessed by quantitative gene expression, 
were considered for evaluation of the effects on steroid 
production. Androstenedione levels in medium were adjusted 
for the number of viable cells in culture using the CellTiter-Glo® 
Luminescent Cell Viability Assay (Promega, USA). Isolation of 
mRNA was prepared from the cellular extracts using Trizol® 
(Invitrogen, Life Technologies Co, Paisley, UK) according to 
the manufacturer's instructions. For smaller samples 
developing in growing surfaces less than 0.14 cm 2 (96 well- 
plate chamber), a cell lysis buffer (RLT) from RNeasy® Mini Kit 
(Qiagen, Texas, USA) was employed. Complementary DNA 
(cDNA) synthesis was obtained after treatment with DNAse I 
and Superscript II reverse transcriptase (both from Invitrogen, 
Life Technologies Co, Paisley, UK). Details of the primers used 
and qPCR and RT-PCR reactions performed are provided in 
Table S3. 

Statistical analysis 

Where appropriate, anonymised data were stored in 
Microsoft Excel files. Statistical analysis was performed using 
the software Instat3 (Graphpad Software, San Diego, USA). 
Differences between groups were tested using the Student's t- 
test (if normal distribution) or Mann-Whitney test (if 
asymmetrical distribution). For the comparison of more than 
two groups with a normal distribution, one-way analysis of 
variance (ANOVA) and an additional post-test (Tukey's or 
Dunnet's test) were used; for data with an asymmetrical 
distribution, the Kruskal-Wallis test and Dunn's multiple 
comparison test were used. In all cases, a probability value (p) 
less than 0.05 was considered statistically significant. Normally 
distributed data are represented by mean plus SEM or SD. 

Results 

Reduced expression of adiponectin receptors (AdipoRI 
and AdipoR2) in theca cells from polycystic ovaries 

There was no significant difference between women with or 
without PCO in age (mean [SEM] PCO 33.7 [1.1] vs normal 
33.2 [1.2] yrs) or BMI (26.8 [2.0] vs 22.6 [1.7] kg/m 2 ). Only 3 
women in this series (all with anovPCO) were obese (BMI >30) 
and four others (1 normal, 3 ovPCO) were overweight (BMI 
>25, <30) but the difference in BMI between anovPCO and 
ovPCO subjects was not significant). Comprehensive clinical 
details of all 25 subjects are shown in Table S1 . 

Overall, 726 follicles were examined for AdipoRI staining 
and 920 follicles for AdipoR2 staining, including 85 antral 
follicles for AdipoRI and 97 antral follicles for AdipoR2. 
Immunostaining for both AdipoRI and AdipoR2 was present in 
both granulosa and theca cells (Figure 1a). In preantral 
follicles, receptor protein was detected in granulosa cells from 
the primary stage onwards in both normal and polycystic 



ovaries, and was similar in both types of ovary (data not 
shown). In antral follicles, adiponectin receptor expression was 
reduced in theca cells from polycystic ovaries compared with 
theca from normal ovaries. For AdipoRI, the proportion of 
positively stained TCs, mean (95% of confidence interval - CI) 
was 0.29 (0.20, 0.38) in polycystic ovaries versus 0.52 (0.32, 
0.72) in normal ovaries (p = 0.002, Mann-Whitney test) (Figure 
1b). In the case of AdipoR2, the proportion of immuno-positive 
theca cells was 0.65 (0.52, 0.78) in polycystic ovaries and 0.77 
(0.69, 0.85) in the normal controls (p = 0.049; Mann-Whitney 
test) (Figure 1c). By contrast, no differences were noted 
between polycystic ovaries and normal ovaries in the 
proportions of granulosa cells (GCs) in antral follicles 
expressing AdipoRI or AdipoR2. The proportion of GCs 
staining for AdipoRI in polycystic ovaries (mean [95% of 
confidence interval - CI]) was 0.93 (0.90, 0.96), compared with 
0.93 (0.68, 1.1) in normal ovaries (Figure 1c); for AdipoR2, the 
proportions were 0.77 (0.71, 0.82) and 0.85 (0.68, 1), 
respectively in PCO and control ovaries (p > 0.05) (Figure 1e). 
Because of the potential effect of obesity on adiponectin 
receptor expression we compared the proportions of follicles in 
women with PCO that expressed Adipo R1 and AdipoR2 in 
theca in women who were overweight or obese with expression 
in theca from lean PCO subjects. There was no significant 
difference in the proportion of Adipo R1 follicles between 
women who were overweight or obese and lean women overall 
or between lean and overweight/obese women with PCO 
(mean [SD] lean PCO, 0.33 [0.05] vs overweight PCO, 0.30 
[0.05]. Similar results were observed with respect to Adipo R2 
(lean PCO, 0.67 [0.02] vs overweight 0.67 [0.04]). 

Adiponectin regulates androgen production by theca 
cells 

Incubation of TCs with adiponectin in the presence of LH and 
insulin resulted in a marked decrease in androstenedione 
levels in the medium, contrasting with a small but significant 
increase in the androstenedione levels observed with treatment 
with leptin and visfatin (but not resistin). In leptin- and visfatin- 
treated cells, the androstenedione levels in the medium were 
(mean ± SD) 0.63 ± 0.04 and 0.64 ± 0.08, respectively, both 
significantly higher than the levels found in control wells 0.54 ± 
0.08 (p = 0.001; Kruskal-Wallis test and Dunn's multiple 
comparison test)(Figure 2). The suppressive effect of 
adiponectin on androgen secretion was noted again in cells 
treated with LH in the absence of insulin, where the 
androstenedione levels (mean ± SD; 0.77 ± 0.11 ng/mL) were 
49% of those noted in control cells (1.57 ± 0.26 ng/mL) (figure 
not shown). In the same experiment, neither leptin nor visfatin 
elicited a significant change in androgen production. 

In the presence of LH, adiponectin treatment not only 
reduced androstenedione levels in medium but also resulted in 
significant changes in gene expression of LHCGR and key 
steroidogenic enzymes in bovine TCs. As shown in Figure 3, 
after 24 h of treatment with adiponectin, there were significant 
decreases in the expression of LH receptor (LHCGR, 70%; p = 
0.02), steroid acute regulatory protein (STAR, 74%; p = 0.028), 
P450 cholesterol side-chain cleavage (CYP11A, 72%; p = 
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Normal PCO Normal PCO 



Figure 1. Expression of adiponectin receptors in follicles from normal and polycystic human ovaries. Both AdipoRI (Figure 
1a) and AdipoR2 (Figure 1b) were detected in granulosa (G) and theca (T) of antral follicles (insets show control [negative] 
sections). The proportions of theca and granulosa cells expressing protein for adiponectin receptor I & 2 (AdipoRI and AdipoR2) in 
follicles from normal and polycystic ovaries are shown in the bar graphs. A total of 920 follicles were analysed. A significant 
reduction in the proportion of TCs labelled for (c) AdipoRI and (d) AdipoR2 was demonstrated in polycystic ovaries compared with 
normal ovaries from healthy women (*p=0.002, **p=0.049, Mann-Whitney). No differences between PCO and control tissue were 
detected in the proportion of granulosa cells labelling for AdipoRI (e) or AdipoR2 (f). Data shown are mean + SEM in up to 7 normal 
and 15 polycystic ovaries. 

doi: 10.1371/joumal.pone.0080416.g001 
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Figure 2. Effects of the adipokines resistin, visfatin, leptin, and adiponectin on androstenedione production in vitro in the 
presence of LH: compared to control cells, adiponectin treatment (3ug/mL) decreased levels of androstenedione in 
medium (****p= <0.0001) when bovine theca cells were treated with LH and insulin (both at 100 ng/mL). Small stimulatory 
effects of leptin and visfatin were also observed. The concentrations of adipokines were chosen on the basis of the relative serum 
levels in normal women. Data shown are mean+SD. 

doi: 10.1371/joumal.pone.0080416.g002 



0.012) and a key enzyme in androgen production, P450c17 
(CYP17, 48%; p = 0.02). 

Suppression of adiponectin receptors results in 
enhanced androgen production 

To address the role of adiponectin in regulating androgen 
production in TCs, knockdown of the genes encoding 
adiponectin receptors, AdipoRI, AdipoR2, and their common 
effector protein, APPL1, was carried out using specific siRNAs. 
As expected, TCs treated with adiponectin showed a decrease 
in androstenedione production: a reduction of about 40% 
compared with the basal level 24 h before treatment (Figure 4). 
A similar decrease (30% reduction) was observed in the 
presence of scrambled (control) siRNA. In contrast, specific 
gene knockdown produced increases in androstenedione 
secretion, reaching above 100% of the basal level: 119% to 
136% of basal (adiponectin treatment alone) for AdipoRI 
siRNA, 170% to 266% for AdipoR2 siRNA, and 177% to 257% 
for APPL1 siRNA (Figure 4). Thus, inhibition of the function of 
adiponectin receptors in theca cells resulted in enhanced 
production of androgen secretion, which suggests that 
adiponectin has an important physiological role in limiting 
androgen production by the ovary. 

Discussion 

Our study supports the existence of a novel link between 
metabolic and reproductive features in PCOS and, specifically, 
implicates reduced action of adiponectin in the classic 
phenotype of PCOS, i.e., excess androgen production. We 
demonstrate that adiponectin, the most abundant secreted 
adipokine in humans (and which is usually reduced in the blood 
of obese PCOS patients), caused a decrease of about 40% in 



androgen secretion in a theca cells. Adiponectin-treated bovine 
theca cells showed a marked reduction of gene expression of 
the associated key steroidogenic enzymes and proteins 
including CYP17, CYP11, LHCGR, and STAR, which is in 
agreement with initial reports by Lagaly et al.[20] We also 
confirmed the importance of adiponectin and its receptors in 
the synthesis of androgens by showing that knockdown of 
adiponectin receptor expression (AdipoRI and AdipoR2) or the 
downstream effector protein APPL-1, led to an increase in 
secretion of androstenedione. Interestingly, the suppressive 
effects of adiponectin on androgen secretion were not 
overcome by hyperinsulinemia but were dependent on the 
presence of LH, which is consistent with our observations that 
its mechanism of action appears to involve regulation of the LH 
receptor in theca cells. 

One of the strengths of this report was to use a well 
characterized archive of ovarian tissue, which has been used 
previously in studies defining molecules involved in 
abnormalities in follicle development in PCOS [26,27]. Although 
we were unable, in this study, to use isolated human theca 
cells, there are sufficient data in the literature to support the 
view that the bovine theca cell model is a useful alternative for 
studying the effects of adipokines on thecal steroidogenesis, 
considering the functional similarities in theca between these 
two mammal species [31,32]. Furthermore human theca cell 
lines may not be ideal given that they may not express LHCGR 
(e.g. HOTT cells) [33]. 

Polycystic ovary syndrome is a disorder characterized by 
ovarian hyperandrogenism which can be exacerbated by 
obesity [7,34]. Excessive insulin secretion in obese women with 
PCOS plays a part in theca cell androgen production but here 
we provide evidence that adipokines - hormones secreted by 
fat cells - have a direct effect on the theca cell. Circulating 
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Figure 3. Gene expression of LH receptor (LHR), steroid acute regulatory protein (STAR) and key steroidogenic enzymes 
(CYP11A1, CYP17) after treatment with adiponectin. Cells were cultured in the presence of LH (10 ng/mL). The effect of 
adiponectin is expressed as a proportion of gene expression in control (non-treated) bovine theca cells. Marked decreases in the 
gene expression of (a) LHR (*p=0.02) (b), STAR (**p=0.028) (c) CYP11A1 (***p=0.02) and (d) CYP17 (****p=0.012) were observed 
in bovine theca cells after a 24-h treatment with adiponectin (3 ug/mL). Data are shown as the mean (95% CI). 

doi: 10.1371/joumal.pone.0080416.g003 



adiponectin levels are also reduced in women with PCOS but 
in this study we report, for the first time, that expression of 
adiponectin receptors in theca cells from polycystic ovaries are 
reduced in comparison to normal ovaries. Changes in the 
expression of adiponectin receptors have previously been 
described in the fat tissue of women with PCOS but the results 
have not been consistent. Tan et al. identified an increase in 
adiponectin receptors in omental and subcutaneous adipose 
tissue from obese PCOS patients [20] whereas the opposite 
result was observed in another study of omental fat from lean 
women with PCOS [35,36]. To date, it remains unclear in the 
literature whether these changes in adiponectin receptors 
represent a cause or a consequence of obesity or insulin 
resistance. Our study included tissue from subjects amongst 



whom the minority (39%) was overweight or obese so we 
cannot completely exclude an effect of obesity on the 
expression of adiponectin receptors. Despite this limitation we, 
were able to compare expression of AdipoRI and AdipoR2 
between lean and overweight/obese women (either in the 
overall group or in the PCO group alone) and found no 
significant effect of BMI on adiponectin receptor expression in 
theca. It should also be noted that a susceptibility to PCOS in 
an association with polymorphisms of ADIPOQ (adiponectin) 
has been reported [37] and although this observation remains 
to be confirmed, it does support the view that the influence of 
PCOS on adiponectin receptor expression and function is 
independent of the effect of obesity. 
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Figure 4. Effect of supression of adiponectin receptor gene expression on androstenedione production by bovine theca 
cells. Data are expressed as the change (%) from baseline values (0-hr; dotted horizontal line) after 24-h treatment with 
adiponectin plus LH (10ng/ml). SiRNAs were targeted against 2 separate oligonucleotide sequences (labeled 1 & 2) for each 
adipokine receptor and their common effector APPL-1 (AdipoRI , AdipoR2, or APPL-1 ). After 24-h treatment with adiponectin (3 ug/ 
mL), a relative decrease in androstenedione secretion was observed in the control group (adiponectin alone) and the scrambled 
RNA group, whereas an increase over 100% (dotted line) was detected in all siRNA groups. Results are shown as medians and 
interquartile range. Overall changes as a result of siRNA treatments were significant (p=0.04 Kruskal Wallis) with significant 
changes indicated for knockdown of ADIPOR2 and APPL1 (*p=<0.05, Dunn's mutiple comparison test vs control). 

doi: 10.1371/joumal.pone.0080416.g004 



In summary, our data suggest that defective action of 
adiponectin, as a result of the reduction both of adiponectin 
serum levels and an associated reduction in adiponectin 
receptors in theca cells, contributes significantly to the 
exacerbation of androgen excess in overweight or obese 
women with PCOS. In addition, other adipokines, including 
leptin and visfatin can weakly enhance basal androgen 
secretion in bovine TCs by mechanisms that are yet to be 
identified. Drugs that target adiponectin are being developed 
with management of metabolic and cardiovascular dysfunction 
in mind and this raises the prospect of therapeutic application 
in women with PCOS. In conclusion, we propose that the 
observed disruption of adiponectin and its receptors is a major 
mechanism that links metabolic and reproductive dysfunction in 
women with polycystic ovary syndrome. 

Supporting Information 

Figure S1. Characteristics of the theca cells used in the 
experiments. (A)Theca cells exhibited in vitro conformational 



changes after 72 h of culture (10x magnification). (B) Merged 
picture (DAPI + CYP17A1 antibody) showing an 
imunofluorescent labelling in the cytoplasm. (C) Nuclear 
counterstaining with DAPI in the absence of antibody, (D)image 
of the negative control. In order to confirm the purity of theca 
cells, identification of molecular expression of CYP17A1 and 
exclusion of FSHR was also performed. 
(TIF) 



Table S1. Clinical details of subjects for ADIPOR1 and 
ADIPOR2 immunohistochemistry. 

(PDF) 

Table S2. List of oligo sequences used for SiRNA. 

(PDF) 

Table S3. List of the primers used in the experiments. 

(PDF) 



PLOS ONE | www.plosone.org 



7 



November 2013 | Volume 8 | Issue 11 | e80416 



Adiponectin Receptors and PCOS 



Acknowledgements 

The authors would like to express their gratitude to Anglo- 
Dutch Meats (Charring, UK) for the contribution of bovine 
ovaries. 



References 

1. Franks S (1995) Polycystic ovary syndrome. N Engl J Med 333: 
853-861. doi:10.1056/NEJM199509283331307. PubMed: 7651477. 

2. Diamanti-Kandarakis E, Kouli CR, Bergiele AT, Filandra FA, Tsianateli 
TC et al. (1999) A survey of the polycystic ovary syndrome in the Greek 
island of Lesbos: hormonal and metabolic profile. J Clin Endocrinol 
Metab 84: 4006-401 1 . doi:1 0. 1 21 0/jc.84. 1 1 .4006. PubMed: 10566641. 

3. Nelson-Degrave VL, Wickenheisser JK, Hendricks KL, Asano T, 
Fujishiro M et al. (2005) Alterations in mitogen-activated protein kinase 
kinase and extracellular regulated kinase signaling in theca cells 
contribute to excessive androgen production in polycystic ovary 
syndrome. Mol Endocrinol 19: 379-390. PubMed: 15514033. 

4. Wickenheisser JK, Biegler JM, Nelson-Degrave VL, Legro RS, Strauss 
JF 3rd et al. (2012) Cholesterol side-chain cleavage gene expression in 
theca cells: augmented transcriptional regulation and mRNA stability in 
polycystic ovary syndrome. PLOS ONE 7: e48963. doi:1 0.1 371/ 
journal. pone.0048963. PubMed: 23155436. 

5. Nelson VL, Legro RS, Strauss JF 3rd, McAllister JM (1999) Augmented 
androgen production is a stable steroidogenic phenotype of propagated 
theca cells from polycystic ovaries. Mol Endocrinol 13: 946-957. doi: 
10.1210/me.13.6.946. PubMed: 10379893. 

6. Gilling-Smith C, Story H, Rogers V, Franks S (1997) Evidence for a 
primary abnormality of thecal cell steroidogenesis in the polycystic 
ovary syndrome. Clin Endocrinol (Oxf) 47: 93-99. doi:1 0. 1 046/j. 
1365-2265.1997.2321049.X. PubMed: 9302378. 

7. Franks S (2006) Genetic and environmental origins of obesity relevant 
to reproduction. Reprod Biomed Online 12: 526-531. doi:10.1016/ 
S1472-6483(10)61177-7. PubMed: 16790094. 

8. Chabrolle C, Tosca L, Rame C, Lecomte P, Royere D et al. (2009) 
Adiponectin increases insulin-like growth factor l-induced progesterone 
and estradiol secretion in human granulosa cells. Fertil Steril 92: 
1988-1996. doi:10.1016/j.fertnstert.2008.09.008. PubMed: 19081562. 

9. Papacleovoulou G, Hogg K, Fegan KS, Critchley HO, Hillier SG et al. 

(2009) Regulation of 3beta-hydroxysteroid dehydrogenase type 1 and 
type 2 gene expression and function in the human ovarian surface 
epithelium by cytokines. Mol Hum Reprod 15: 379-392. doi:10.1093/ 
molehr/gap022. PubMed: 19414525. 

10. Raucci R, Rusolo F, Sharma A, Colonna G, Castello G et al. (2013) 
Functional and structural features of adipokine family. Cytokine 61: 
1-14. doi:10.1016/j.cyto.2012.08.036. PubMed: 23022179. 

11. Li S, Shin HJ, Ding EL, van Dam RM (2009) Adiponectin levels and risk 
of type 2 diabetes: a systematic review and meta-analysis. JAMA 302: 
179-188. doi:10.1001/jama.2009.976. PubMed: 19584347. 

12. Pusalkar M, Meherji P, Gokral J, Savardekar L, Chinnaraj S et al. 

(2010) Obesity and polycystic ovary syndrome: association with 
androgens, leptin and its genotypes. Gynecol Endocrinol 26: 874-882. 
doi:10.3109/09513590.2010.487586. PubMed: 20500101. 

13. Yildizhan R, llhan GA, Yildizhan B, Kolusari A, Adali E et al. (2011) 
Serum retinol-binding protein 4, leptin, and plasma asymmetric 
dimethylarginine levels in obese and nonobese young women with 
polycystic ovary syndrome. Fertil Steril 96: 246-250. doi:10.1016/ 
j.fertnstert.201 1.07.946. PubMed: 21600576. 

14. Brzechffa PR, Jakimiuk AJ, Agarwal SK, Weitsman SR, Buyalos RP et 
al. (1996) Serum immunoreactive leptin concentrations in women with 
polycystic ovary syndrome. J Clin Endocrinol Metab 81: 4166-4169. 
doi:10.1210/jc.81. 11.4166. PubMed: 8923878. 

15. Panidis D, Farmakiotis D, Rousso D, Katsikis I, Delkos D et al. (2008) 
Plasma visfatin levels in normal weight women with polycystic ovary 
syndrome. Eur J Intern Med 19: 406-412. doi:10.1016/j.ejim. 
2007.05.014. PubMed: 18848173. 

16. Carmina E, Bucchieri S, Mansueto P, Rini G, Ferin M et al. (2009) 
Circulating levels of adipose products and differences in fat distribution 
in the ovulatory and anovulatory phenotypes of polycystic ovary 
syndrome. Fertil Steril 91: 1332-1335. doi:10.1016/j.fertnstert. 
2008.03.007. PubMed: 18455165. 

17. Spritzer PM, Comim FV, Capp E, D'Avila A (2005) Influence of leptin, 
androgens and insulin sensitivity on increased GH response to 



Author Contributions 

Conceived and designed the experiments: SF KH FVC. 
Performed the experiments: FVC. Analyzed the data: SF KH 
FVC. Contributed reagents/materials/analysis tools: SF KH 
FVC. Wrote the manuscript: FVC SF KH. 



clonidine in lean patients with polycystic ovary syndrome. Horm Metab 
Res 37: 94-98. doi:10.1055/s-2005-861 173. PubMed: 15778926. 

18. Cosma M, Swiglo BA, Flynn DN, Kurtz DM, Labella ML et al. (2008) 
Clinical review: Insulin sensitizers for the treatment of hirsutism: a 
systematic review and metaanalyses of randomized controlled trials. J 
Clin Endocrinol Metab 93: 1135-1142. doi:10.1210/jc.2007-2429. 
PubMed: 18252787. 

19. Swiglo BA, Cosma M, Flynn DN, Kurtz DM, Labella ML et al. (2008) 
Clinical review: Antiandrogens for the treatment of hirsutism: a 
systematic review and metaanalyses of randomized controlled trials. J 
Clin Endocrinol Metab 93: 1153-1160. doi:10.1210/jc.2007-2430. 
PubMed: 18252786. 

20. Lagaly DV, Aad PY, Grado-Ahuir JA, Hulsey LB, Spicer LJ (2008) Role 
of adiponectin in regulating ovarian theca and granulosa cell function. 
Mol Cell Endocrinol 284: 38-45. doi:10.1016/j.mce.2008.01.007. 
PubMed: 18289773. 

21. Maillard V, Uzbekova S, Guignot F, Perreau C, Rame C et al. (2010) 
Effect of adiponectin on bovine granulosa cell steroidogenesis, oocyte 
maturation and embryo development. Reprod Biol Endocrinol 8: 23. 
doi:10.1186/1477-7827-8-23. PubMed: 20219117. 

22. Hall N, White C, O'Sullivan AJ (2009) The relationship between 
adiponectin, progesterone, and temperature across the menstrual 
cycle. J Endocrinol Invest 32: 279-283. PubMed: 19542749. 

23. Papacleovoulou G, Edmondson RJ, Critchley HO, Hillier SG, Mason Jl 
(2009) 3beta-Hydroxysteroid dehydrogenases and pre-receptor steroid 
metabolism in the human ovarian surface epithelium. Mol Cell 
Endocrinol 301: 65-73. doi:10.1016/j.mce.2008.08.010. PubMed: 
18778748. 

24. Dharia S, Slane A, Jian M, Conner M, Conley AJ et al. (2004) 
Colocalization of P450c17 and cytochrome b5 in androgen- 
synthesizing tissues of the human. Biol Reprod 71: 83-88. doi:10.1095/ 
biolreprod. 103.026732. PubMed: 14985252. 

25. Spicer LJ, Francisco CC (1998) Adipose obese gene product, leptin, 
inhibits bovine ovarian thecal cell steroidogenesis. Biol Reprod 58: 
207-212. doi:10.1095/biolreprod58.1.207. PubMed: 9472942. 

26. Stubbs SA, Hardy K, Da Silva-Buttkus P, Stark J, Webber LJ et al. 
(2005) Anti-mullerian hormone protein expression is reduced during the 
initial stages of follicle development in human polycystic ovaries. J Clin 
Endocrinol Metab 90: 5536-5543. doi:10.1210/jc.2005-0907. PubMed: 
16030171. 

27. Stubbs SA, Stark J, Dilworth SM, Franks S, Hardy K (2007) Abnormal 
preantral folliculogenesis in polycystic ovaries is associated with 
increased granulosa cell division. J Clin Endocrinol Metab 92: 
4418-4426. doi:10.1210/jc.2007-0729. PubMed: 17698906. 

28. (2004) Revised 2003 consensus on diagnostic criteria and long-term 
health risks related to polycystic ovary syndrome (PCOS). Hum Reprod 
19: 41-47. doi:10.1093/humrep/deh098. PubMed: 14688154. 

29. Stewart RE, Spicer LJ, Hamilton TD, Keefer BE (1995) Effects of 
insulin-like growth factor I and insulin on proliferation and on basal and 
luteinizing hormone-induced steroidogenesis of bovine thecal cells: 
involvement of glucose and receptors for insulin-like growth factor I and 
luteinizing hormone. J Anim Sci 73: 3719-3731. PubMed: 8655449. 

30. Barber TM, Hazell M, Christodoulides C, Golding SJ, Alvey C et al. 
(2008) Serum levels of retinol-binding protein 4 and adiponectin in 
women with polycystic ovary syndrome: associations with visceral fat 
but no evidence for fat mass-independent effects on pathogenesis in 
this condition. J Clin Endocrinol Metab 93: 2859-2865. doi:1 0. 1210/jc. 
2007-2759. PubMed: 18445670. 

31. Glister C, Satchell L, Michael AE, Bicknell AB, Knight PG (2012) The 
anti-epileptic drug Valproic Acid (VPA) inhibits steroidogenesis in 
Bovine Theca and Granulosa cells in vitro. PLOS ONE 7: e49553. doi: 
10.1371/journal.pone.0049553. PubMed: 23152920. 

32. Phelan N, O'Connor A, Kyaw Tun T, Correia N, Boran G et al. (2011) 
Hormonal and metabolic effects of polyunsaturated fatty acids in young 
women with polycystic ovary syndrome: results from a cross-sectional 
analysis and a randomized, placebo-controlled, crossover trial. Am J 



PLOS ONE | www.plosone.org 



8 



November 2013 | Volume 8 | Issue 11 | e80416 



Adiponectin Receptors and PCOS 



Clin Nutr 93: 652-662. doi:10.3945/ajcn.1 10.005538. PubMed: 
21270384. 

33. Rainey WE, Sawetawan C, McCarthy JL, McGee EA, Bird IM et al. 
(1996) Human ovarian tumor cells: a potential model for thecal cell 
steroidogenesis. J Clin Endocrinol Metab 81: 257-263. doi: 1 0.121 0/jc. 
81.1.257. PubMed: 8550761. 

34. Barber TM, McCarthy Ml, Wass JA, Franks S (2006) Obesity and 
polycystic ovary syndrome. Clin Endocrinol (Oxf) 65: 137-145. doi: 
1 0.1 1 1 1/j. 1 365-2265.2006.02587.X. 

35. Seow KM, Tsai YL, Juan CC, Lin YH, Hwang JL et al. (2009) Omental 
fat expression of adiponectin and adiponectin receptors in non-obese 



women with PCOS: a preliminary study. Reprod Biomed Online 19: 
577-582. doi:10.1016/j.rbmo.2009.05.003. PubMed: 19909601. 

36. Tan BK, Chen J, Digby JE, Keay SD, Kennedy CR et al. (2006) 
Upregulation of adiponectin receptor 1 and 2 mRNA and protein in 
adipose tissue and adipocytes in insulin-resistant women with 
polycystic ovary syndrome. Diabetologia 49: 2723-2728. doi:10.1007/ 
S00125-006-0419-9. PubMed: 17001470. 

37. Zhang N, Shi YH, Hao CF, Gu HF, Li Y et al. (2008) Association of 
+45G15G(T/G) and +276(G/T) polymorphisms in the ADIPOQ gene 
with polycystic ovary syndrome among Han Chinese women. Eur J 
Endocrinol 158: 255-260. doi:10.1530/EJE-07-0576. PubMed: 
18230834. 



PLOS ONE | www.plosone.org 



9 



November 2013 | Volume 8 | Issue 11 | e80416 



